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Abstract

Sea level has been rising for the past century, and
inhabitants of the Earth's coastal regions will want to
understand and predict future sea level changes. In this study
we present results from new simulations of the Goddard Institute
for Space Studies (GISS) global atmosphere-ocean model from 1950
to 2099. Model results are compared with observed sea level
changes during the past 40 years at 17 coastal stations around
the world. Using observed levels of greenhouse gases between
1950 and 1990 and a compounded 0.5% annual increase in CO, after
1990, model projections show that global sea level measured from
1950 will rise by 61 mm in the year 2000, by 212 mm in 2050, and
by 408 mm in 2089. By 2089, two thirds of the global sea level
rise will be due to thermal expansion and one third will be due
to ocean mass changes. The spatial distribution of sea level
rise is different than that projected by rigid lid ocean models.



1. Introduction

During the last century, sea level has been rising
throughout much of the world at rates between 1 and 2.5 mm/year
with a best estimate of 1.8 mm/year [Warrick et al., 1996;
Gornitz, 1995a)l. Increasing levels of atmospheric greenhouse
gases are mainly responsible for the present global sea level
rigse and its future continuation. There are two major components
to long term sea level changes: first, water expands as ocean
temperatures change and salt is redistributed; and second, land
ice stored on the continents and in polar ice sheets melts and
flows into the oceans. At any coastal location, vertical land
motions may also affect local mean sea level. Locally, we will
use the term "steric expansion" for a combination of thermal and
haline expansion; whereas globally, we will simply use "thermal
expansion" because the global effect of haline expansion is
negligible.

Several prior studies have modeled potentlal changes in sea
level in coupled atmosphere-ocean models. Gregory [1993] forced
a U.K. Meteorological Office model, that had a climate
sensitivity of 2.7°C for doubled CO,, with 1% annual increases of
CO, . He estimated a sea level rise of 90 mm due to thermal
expansion alone after 70 years. Cubasch et al. [1995] coupled
the atmospheric component (ECHAM-1) and the large scale
geostrophic ocean model (LSG) in a warm start simulation with the
radiative forcing of Scenario A ("Business as Usual") from the
Intergovernmental Panel on Climate Change (IPCC). The global
sea level rise due to thermal expansion was 180 mm after 100
years. In a companion cold start simulation, the sea level rise
was only 150 mm. Bryan [1996] used the Geophysical Fluid
Dynamics Laboratory coupled model in a 1% CO, annual increase
simulation. After 70 years, global sea level rose 150 mm due to
thermal expansion alone. None of these models calculates sea
level directly by vertically integrating specific volume with
respect to mass per unit area. Their derivations are more
complicated because they require the surface pressure, the
surface stress, and ocean variables.

Other studies have used one or two dimensional models to
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examine both thermal expansion and water mass changes that cause
sea level to rise. Raper et al. [1996] combined a simple one
dimensional upwelling-diffusion energy balance model to a set of
simple ice-melt models in order to compute total sea level
change. Using the IPCC 1995 suite of greenhouse gas emissions
scenarios [Houghton et al., 1996], they found a sea level rise of
200-860 mm from year 1990 to 2100, with a mid value of 490 mm for
a climate sensitivity of 2.5°C for doubled CO,. De Wolde et al.
[1997] applied a two dimensional energy balance climate model and
dynamic ice sheet models to the IPCC forcing scenarios to
estimate sea level rise contributions from thermal expansion and
glacial melting. Their results were considerably lower than
those of the IPCC [Warrick et al., 1996]. Sea level rise
projections showed a strong sensitivity to differences in model
features.

In this study, we use the global coupled atmosphere-ocean
model of Russell et al. [1995] to examine sea level rise between
1350 and 2099. The model conserves global water mass in all
phases and calculates the ocean surface height by integrating
specific volume with respect to mass from the ocean floor. The
model is described in section 2. Four 150-year model simulations
used in the analysis are discussed in section 3. In section 4,
the results are compared with observed changes from 1960 to 1997.
In section 5, the model is used to project sea level changes
throﬁgh to the end of the twenty first century. A breakdown of
the water mass changes is performed in section 6.

2. The NASA/GISS atmosphere-ocean model

The global synchronously coupled atmosphere-ocean model
developed by Russell et al. [1995] is designed for climate
studies on decade to century time scales. There are nine
vertical layers in the atmosphere and 13 in the ocean. The
horizontal resolution for both the atmosphere and ocean is 4° in
latitude by 5° in longitude. The resolution for heat, water
vapor, and salt is finer than the grid resolution because those
quantities have both means and directional prognostic gradients
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inside each grid cell. This information is used in the advection
by the linear upstream scheme, and atmospheric condensation and
ocean vertical mixing are performed on 2° x 2.5° horizontal
resolution. The model does not use flux adjustments.

Several changes and improvements have been made to the model
since it was published. The ground hydrology scheme of
Abramopoulos et al. [1988] is now implemented, land ice and sea
ice coding uses four thermodynamic layers, sea ice is advected,
glacial ice calving is implemented off Antarctica, and the
k-profile parameterization (KPP) scheme [Large et al., 1994) is
used for ocean vertical mixing. Before the KPP scheme was
implemented, the equilibrium surface air temerature change due to
doubled CO, was estimated to be 2.65°C [Andrei Sokolov and Peter
Stone, personal communication] .

The ocean model does not use the Boussinesqg approximation,
and ocean mass, not volume, is conserved. As part of the ocean
pressure gradient force, altitude is calculated by integrating
the local specific volume with respect to mass per unit area from
the ocean floor. The specific volume is calculated with
quadratic precision in each layer using the mean and vertical
gradients of heat and salt. The ocean surface height, which is
sampled each hour, is the summation of the liquid ocean surface
height plus the snow and sea ice mass per unit area divided by a
constant density of 1000 kg/m® which measures the freshwater
equivalent of snow and ice.

Ocean mass decreases due to evaporation and increases due to
precipitation, river flow including melted ice, and glacial ice
calving from Antarctica. Snow over ground increases indefinitely
at certain cold grid cells. Continual long term changes of water
mass between a control simulation and a GHG experiment over
ground are mainly due to snow changes because canopy and
underground water storage is limited. Glacial ice reservoirs,
which are fixed in area, can melt or accumulate ice indefinitely,
but the changes are captured by the model's diagnostics.

Negative lake mass changes may occur by excessive evaporation
from the surface area of a lake that does not receive sufficient
precipitation, source runcoff from within its grid cell, or river
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flow from upstream lakes. Positive lake mass changes may occur
when water sources exceed evaporation (the surface area may be
negligible) and there is no or slow outgoing river flow. 1In the
model, lakes occupy 0.8% of the global surface area and are
fixed.

3. Model simulations

Four simulations of the atmosphere-ocean model from 1950 to
2099 are used in this study: two control simulations with
constant 1950 atmospheric composition that differ only in their
initial conditions; and two GHG experiments with observed
greenhouse gases until 1990 and 0.5% compounded annual increases
of CO, after 1990. 1In addition, two GHG+SO4 experiments with
varying tropospheric sulfate aerosols were run; but because their
temperature comparisons did not agree as well with observations
as did the GHG experiments [Russell et al., 1999], they have not
been included here. The radiative forcing of 0.5% CO, increases
is in line with the radiative forcing of all greenhouse gas
increases for the past few years [Hansen et al., 1998]. The
initial conditions are 40-year and 100-year spinups with constant
1950 atmospheric composition starting from Levitus et al. [1994]
ocean state. 1In order to minimize climate drift (continual
accumulation of heat or salt at certain locations) and deviations
from observations, model climate changes are calculated as an
experiment minus a control simulation.

Russell et al. [1999] compared these current simulations
with the observed regional temperature record of the past 40
years and concluded that the model faithfully represents the real
world's regional climate changes due to greenhouse gas forcing in
the northern hemisphere. They estimated that the unrealized
warming in surface air temperature due to the cold start
initialization is 0.23°C, but because the 1930s and 1940s were
anomalously warm decades, the surface air tempeféture disparity
with observations is negligible. Although the cold start
initialization may not be detectable in the surface air

temperature, it should be present in the deep ocean temperatures
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and ocean surface height. Consequently, the model's sea level
changes probably underestimate those that occur in the real world.

The northern hemisphere sea ice cover compares well with
observations. The southern hemisphere sea ice cover is stable
with a seasonal range that is in good agreement with
observations, but the interannual variability is much greater
than observed. This is a major factor that prevents the model's
regional temperature changes from matching the observational
changes for the past. 40 years in the southern hemisphere.

4. Model and observed sea level trends from 1960 to 1997

Monthly raw tide gauge data are obtained from the Permanent
Service for Mean Sea Level (PSMSL) data base [Spencer and
Woodworth, 1993]. Some records go back more than 100 years, but
most records are too short or too broken to be useful for sea
level studies [Gornitz, 1995a). A small subset of 17 tide gauge
stations were selected for comparison with model generated sea
level curves. These stations were chosen on the basis of record
length, geographical coverage, and availability of adequate
geologic data [Gornitz, 1995b; Gornitz and Solow, 1991; Gornitz
and Lebedeff, 1987; Pirazzoli, 1991]. Missing monthly tide guage
data are filled in by interpolation between the same months in
prior and subsequent years with a maximum gap of two missing
years. Annual data are calculated whenever original or filled in
data are available for all 12 months; otherwise an annual data

gap occurs.

For each station, tide gauge annual values are normalized by
calculating a 21 year mean, centered on 1950, and then
subtracting this mean from each annual value. Finally, the
geologic trend or vertical land motion is subtracted from the
normalized annual values to obtain the corrected sea level change
relative to 1950 that can be compared with model results.

Sea level data recorded by tide gauges include long term
trends caused by vertical crustal motions largely of glacial
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isostatic or tectonic origin [Peltier and Tushingham, 1991;
Gornitz, 1995a,b]. The late Holocene (past 6000 years) sea level
curve constructed from fossil tide level indicators, such as
peat, coral, in-situ shells, barnacles, etc., represents a
composite of these long term geologic components. The long term
geologic motion can be approximated by a linear trend over the
relatively short time periods considered here. By differencing
the modern and late Holocene sea level curves, the residual
provides a measure of the recent sea level rise due to global
warming [Gornitz, 1995b].

Table 1 lists the station names, latitude, longitude, years
of record, the raw tide gauge trend (mm/year) for all years of
the record, the geologic trend due to land motions, the corrected
tide gauge trend for all years of the record, the corrected tide
gauge trend for years 1960 to present, and the model sea level
trends for each GHG experiment from 1960 until the end of the
observational record. The trends are calculated as the slope of
the least squares fit line through the annual sea level data.
Note the negative geologic trends in Table 1 at Churchill on
Hudson Bay, Stavanger in Norway, and Stockholm which are
undergoing glacial isostatic uplift, and the positive values at
Halifax and New York City due to subsidence of the collapsed
forebulge [Peltier and Tushingham, 1991; Peltier, 1999].

For each of the 17 stations, Figure 1 shows the sea level
changes for all years of the corrected tide gauge data and for
1960 to 2089 of each GHG experiment. For Figures 1 and 2, a GHG
data point consists of a GHG annual value minus a centered 21
year moving average of the control simulation values.

Subtracting control simulation values reduces the effects of
climate drift, and the 21 year averaging period lets the GHG data
show its proper interannual variability.

Table 1 shows that between 1960 and 1997 the models' sea
level trends are positive at all 17 stations and are generally
greater than the corrected tide gauge trends. The global mean
sea level trends of 1.41 and 1.34 mm/year for the two GHG
experiments between 1960 and 1997 fall within the observed range
[Warrick et al., 1996; Gornitz, 1995a), but the average of the
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corrected tide gauge trends lie below this range due to the
limited sampling of the 17 stations reported here. Two stations,
Balboa and Churchill, with negative corrected tide gauge trends
since 1960, have anomalous data points (see Figure 1). At two
other stations, Halifax and Marseille, the corrected tide gauge
trends are negative since 1960, but are positive for the entire
record dating back to 1920 and 1885 respectively. This points to
the importance of using stations with long record lengths
[Douglas, 1995].

In general, the model's interannual variability appears to
be less than that of the observations, but stations with large
model variability also display large observational variability,
e.g. Prince Rupert and Stockholm (see Figure 1). A large source
of interannual variability in sea level data comes from the El
Nino-Southern Oscillation (ENSO) [Nerem, 1999] or the North
Atlantic Oscillation (NAO) [Hurrell,1995]. ENSO and NAO
anomalies appear in tide gauge records [Komar and Enfield, 1987;
Maul and Hanson, 1991; Gornitz, unpublished data].

The sharp positive spike in 1982 in the San Francisco sea
level curve (Figure 1m) is related to ENSO, as are lesser
anomalies in 1941, 1958, 1969 and 1972. The sharp positive sea
level anomaly in 1983 in the Buenos Aires sea level curve (also
in Montevideo, Uruguay and in more subdued form in the Mar del
Plata and Puerto Madryn, Argentina records) may also be linked
indirectly to ENSO. Both the Buenos Aires and Montevideo records
are strongly influenced by river flow from the Parana and Uruguay
Rivers, which may have been above normal due to higher than
average precipitation. On the other hand, ENSO impacts are
harder to explain for the two more southerly coastal stations.

5. Modeled sea level changes to the year 2099

Figure 2 shows the temporal change in global sea level from
1960 to 2089 for the two GHG experiments minus the controls. It
also shows the fractions due to thermal expansion and to water
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These data are also recorded in Table 2 in a format
consistent with Table 3. The fourth line of Table 2, shows the
difference in heat that enters the ocean between the GHG
experiments and the control simulations. The ratio of global sea
level rise due to thermal expansion (mm/year) divided by the heat
entering the ocean (W/m?) gives the "expansion efficiency of
heat" (m® /kW-year), the final line of Table 2. Note that the
model's expansion efficiency for the first 50 years was greater
than for the next century. As the warming penetrates more deeply
into colder waters, the expansion is less efficient.

The expansion efficiency of heat can be calculated from
known ocean variables [Fofonoff and Millard, 1983] as the
derivative of specific volume with respect to temperature
(m®* /kg°C) divided by specific heat capacity (J/kg°C). Figure 3
shows the expansion efficiency as a function of temperature and
pressure at a salinity of 35 per mil. The expansion efficiency
of heat increases with temperature, pressure or salinity.

Bryan [1996] provided a rough estimate of an additional
3 W/m* entering his model's ocean for years 50 to 70 in his 1%
CO, experiment. From his Figure 2a, we estimate a sea level rise
due to thermal expansion of 3.47 mm/year for those two decades
which translates into an expansion efficiency of 1.16 m?® /kW-year.
Either his heating rate is only approximate, or his heat is
penetrating into colder waters than in our experiments.

Figure 4 shows the spatial distribution of projected sea
level rise for 2050 to 2099 minus 1950. It was calculated as the
50 year average of the two GHG experiments minus the 50 year
average of the two control simulations. The largest rise in sea
level occurs in the Arctic Ocean where increased river flow (due
to increased precipitation) and decreased sea ice export cause
the salinity to decrease and the specific volume to increase.
Small rises occur near the Antarctic Circumpolar Current where
there is less deposition of sea ice (causing salinity to
increase), where temperatures are cold (reducing the expansion
efficiency of heat), and where less ocean heat transport is
received (due to a slowing of the ocean circulation).

10



Gregory [1993] and Bryan [1996] employ similar rigid 1lid
ocean models and their complicated calculations of sea level
changes produce similar spatial patterns. The present study and
that of Cubasch et al. [1995] show spatial patterns of sea level
rise that differ between each other and differ from those of
Gregory and Bryan. Both Bryan's and our results show the
greatest rise in the Arctic Ocean and small rises in the center
of the North Atlantic and near Antarctica. Our model shows low
rises in the north Pacific and high rises in the tropical Pacific
which are opposite to that shown by Bryan.

Figure 5 shows the model's projected sea level rise due to
steric expansion for 2050 to 2099 minus 1950. It is calculated
as the difference between the total sea level rise (Figure 4)
minus the rise due to water mass changes (Figure 6) using the
average of the two GHG experiments and the two control
simulations. The steric expansion is small over shallow seas
where there is less water to heat and over areas where the
reduced ocean circulation is depositing less heat. The greatest
changes occur in the deep basins of the Arctic Ocean due to less
saline water.

6. Storage changes in water reservoirs

The atmosphere-ocean model does not include anthropogenic
modifications of land hydrology, such as dams, river diversions,
or ground water withdrawals, which may affect sea level [Gornitz
et al., 1997]. The glacial ice calving from Antarctica is
constant in the model and cannot affect the model's sea level
changes. On the other hand, the repartition of water among the
model's reservoirs does cause sea level changes.

Figure 6 shows the model's projected ocean water mass
changes for 2050 to 2099 minus 1950. High values occur over
shallow ocean areas where steric expansion contributes a
proportionally smaller share to global sea level, because of the
thinner water column. Negative values occur, particularly in the
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deep areas of the Arctic Ocean, where increased freshwater input
reduces the salinity and greater haline expansion is pushing mass
out.

Table 3 shows the mass changes in the model's water
reservoirs for each 50-year period and for each GHG experiment
minus its control simulation. Volumetric changes are calculated
in units of global sea level rise (mm/year) by dividing the
annual change in a reservoir (kg/year) by the product of density
(1000 kg/m’) times ocean and sea ice surface area (36le+12 m?).
As the climate warms, atmospheric water vapor, lake mass, and
ocean mass increase at the expense of land ice and snow.

Figure 7 shows the changes in water or ice accumulation in
the continental reservoirs for 2050 to 2099 minus 1950. The net
mass balance of land ice is negative in both hemispheres, on
average: melting rapidly in the northern hemisphere but slowly in
Antarctica. The coastal regions of Greenland are losing mass,
even though precipitation is increasing almost everywhere there.
Snow and ice are also melting in Alaska and the Himalayas. The
high altitude coastal regions and interior of Antarctica are
slowly accumulating snow, whereas the ice shelves are melting
rapidly.

There are significant changes in some grid cells that do not
drain to the ocean. Lake Turkana in Kenya, Somalia, and western
Mongolia are receiving more water in the GHG experiments, whereas
Lakes Titicaca and Poopo in the Andes, the Aral Sea, Afghanistan,
and southern Ethiopia are receiving less. There are also
increasing lake levels in regions with slow moving rivers, namely
Parana tributaries in southern Brazil, the Zambezi mouth, and the
headwaters of the Zaire River. Changes at individual grid cells
are uncertain; they should be checked with ground observations
and other data.
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7. Discussion

Four simulations of the NASA/GISS atmosphere-ocean model are
used to emulate sea level changes between 1950 and 1997, and to
project such changes to the year 2099. The only radiative
forcing used is that of greenhouse gas changes: observed
concentrations were used before 1991 and a compounded annual
increase of 0.5% for CO, was used from 1991 to 2099. The
simulations predict that global sea level will rise at a rate of
1.23 mm/year between 1950 and 1999, going to 2.97 between 2000
and 2049, and to 5.21 between 2050 and 2099. Because the GHG
experiments are started from equilibrium, they underestimate the
sea level rise that should have occurred in the real world since
the real world was not in equilibrium in 1950. Observations
indicate that during the past century sea level has risen between
1 and 2.5 mm/year [Warrick et al., 1996]. Uncertainies in
future greenhouse gas concentrations introduce uncertainies into
the model's prediction of future sea level rise.

The surface air temperature changes of these simulations
have been compared to observed temperature changes for the past
40 years and have been found to be reasonable both globally and
regionally in the northern hemisphere [Russell et al., 1999].

The thermal expansion component of sea level is controlled mainly
by ocean surface fluxes and by ocean mixing both of which also
affect the surface air temperature. Consequently, we expect the
the ocean thermal expansion in the model to be reasonable.

Global thermal expansion rates from different one
dimensional, two dimensional, and three dimensional models are
difficult to compare. Ideally, a model report on sea level rise
should provide three key pieces of information on thermal
expansion: the forcing scenario used, the amount of heat that
entered the ocean, and the global sea level rise due to that
heat. The second piece is often omitted, but were it to be
provided (and it should be available), it would break a complex
process into two simpler processes.

A new term, the "expansion efficiency of heat", which is the
ratio of sea level rise due to thermal expansion divided by the
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heat entering the ocean, can be compared among different models.
A high expansion efficiency indicates that heat is being
distributed into warmer (surface, tropical) water and a low value
indicates that heat is being distributed into colder (deeper,
high latitude) water.

The present model's water mass changes are probably less
reliable than its steric expansion. The model predicts increased
snow fall on the ice sheets, with even greater melting around
their edges, which seems reasonable. However, the greatest
uncertainty is a possible change in glacial ice dynamics (such as
a collapse of the West Antarctic ice sheet) which the model
cannot simulate. Smaller sources of uncertainty lie in the
model's fixed lake and glacial ice areas, the behavior of grid
cells without a river outlet, the absence of dams, and ground
water withdrawals.

As stated by Bryan [1996]: "The most useful aspect of using
a general circulation model of the ocean to estimate sea level
rise is a prediction of the spatial distribution of the sea level
rise." Until different models can show similar patterns of sea
level rise, confidence in the patterns must remain low. The
complicated derivation of sea level by Gregory [1993] and Bryan
is obtained more directly and precisely in the present mass
conserving model, which, however, has its own known and unknown

deficiencies.

Additional guantities and data of these simulations are
available at our web site at: http://aom.giss.nasa.gov
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Table 1. Tide gauge station name, longitude, latitude, years of
record, raw tide gauge trend (mm/year) for all years of the
record [Spencer and Woodworth, 1993], geologic trend due to land
motions, corrected tide gauge trend for all years of the record,
corrected tide gauge trend for years 1960 to present, and model
sea level trends for each GHG experiment from 1960 until the end
of the observational record. The trends, other than the geologic
trend, are calculated from a least squares fit line of the data

in Figure 1.

kaw Corr Corr
City Long, Lat Ymin Ymax Tide Geol All 1960
Auckland 175E, 358 1904 1988 1.35 -.1 1.45 .01
Balboa 80W, 9N 1908 1995 1.34 1.7 -.36 ~.85
Bombay 73E,19N 1878 1992 .76 0. .76 .25
Brest 5W, 48N 1807 1996 .96 .15 .81 .54
Buenos Aires 58W, 35S 1905 1987 1.57 0. 1.57 4.79
Churchill 94W, 58N 1940 1994 -9.70 -9.8 .10 -4.39
Halifax 64W, 45N 1920 1996 3.36 2.83 .53 -.60
Honolulu 158W, 21N 1505 1997 1.55 .3 1.25 1.33
Key West 82W, 25N 1913 1397 2.23 .69 1.54 1.99
Marseille 5E,43N _ 1885 1996 1.22 75 .47 -1.01
New York 74W,41N 1856 1996 2.72 2.17 .55 .09
Prince Rupert 130W,54N 1909 1996 1.07 .4 .67 .89
San Francisco 122W,38N 1855 1997 1.41 1.5 -.09 1.14
Stavanger 5E, 59N 1882 1997 .13 -1.8 1.93 1.92
Stockholm 18E, 59N 1889 1997 -3.92 -4.5 .58 1.55
Sydney 151E, 348 1897 1983 .68 -.3 .98 1.04
Victoria 124W, 48N 1910 1996 .74 0. .74 1.02

GHG1
.68
.28
.04
.53
.55
.39
.13
.52
.44
.18
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.46
.07
.18
.08
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.33
.80
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.43
.74
.50
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Table 2. Changes in ocean surface height (mm/year) and its
components for each GHG experiment minus the appropriate control
simulation. The fourth line is the change in net heat into the
ocean (W/m?>). The fifth line is the expansion efficiency of heat
(m* /kW-year), calculated as the ratio of the second and fourth

lines.
1950-1999 2000-2049 2050-2099

GHG1 GHG2 GHG1 GHG2 GHG1 GHG2
Ocean Surface Ht. 1.15 1.29 2.83 3.04 5.55 4.95
Thermal Expansion .83 .81 1.91 2.13 3.17 3.00
Water Mass Change .32 .47 .92 .91 2.38 1.95
Net Heat into Ocean .55 .51 1.36 1.45 2.19 2.05
Expansion Efficiency 1.50 1.59 1.41 1.47 1.45 1.47

Table 3. Changes in global water reservoirs in units of sea
level rise (mm/year) for each GHG experiment minus the
appropriate control simulation.

1950-19959 2000-20459 2050-2100

GHG1 GHG2 GHG1 GHG2 GHG1 GHG2

Water Vapor .03 .03 .03 .05 .04 .06
Snow on Ground -.08 -.13 -.41 -.12 -.42 -.23
Land Ice -.25 -.40 -.77 -1.02 -2.33 -2.18
Lake Mass -.02 .02 .23 .20 .30 .37

Ocean + Sea Ice .32 .47 .92 .91 2.38 1.95




Figure Captions

Figure 1. Separate graphs for each of 17 stations shows sea
level changes integrated from 1950 for corrected tide gauge data
and for each GHG experiments.

Figure 2. Integrated annual change in global sea level for each
GHG experiment. Also shown are components due to thermal
expansion and to water mass changes.

-

Figure 3. Expansion efficiency of heat as a function of
temperature and pressure at a salinity of 35 per mil.

Figure 4. Spatial distribution of total sea level change for
2050 to 2099 minus 1950 for the average of the two GHG
experiments minus the control simulations.

Figure 5. Spatial distribution of steric expansion for 2050 to
2099 minus 1950 for the average of the two GHG experiments minus
the control simulations.

Figure 6. Spatial distribution of ocean and sea ice mass changes
for 2050 to 2099 minus 1950 for the average of the two GHG
experiments minus the control simulations.

Figure 7. Spatial distribution of continental water reservoir
changes for 2050 to 2099 minus 1950 for the average of the two
GHG experiments minus the control simulations. Also shown is the
first letter of each station name located in the ocean cell from

which model data comes.



00IC 080T 0907 O0VOT  0T0T 000T 0861 0961 Ov6I 0Z61 0061 0SST 098]
WE%& I I ] I | ] I | I | I
L .
- -
I -
{
v h \ —
!
LA | A
— —
— -
— Nuumnv .............. —
- I9HD -———-—-
SUonRAIISqQ ]
l | I | | I l ] I | I !

SIB X

PUBpPY Je 561 Woay saguey)) [9AY] 8IS pajeaSajug

0sI-

001
0s1
007
0sT
00t
0S¢
0oy
0sy
00s
0sS

0s9
00L

(wu) [PAYT BaS



1) §

00IZ 0807 090 OMOT 0Z0Z 0007 _32 0961 OV6T OI61 0061 0SSI 098I )
SSI/VSVN T _ T T | I _ I T I 051

—

-1 0S1

— 05T

—1 0S¢

— 0SY

— 08§

SUONBAIISqO — 059
1 ] ] 1 l | | l i 1 I |
eoqieq 18 0561 Woaj saduey)) [9A97] BIS pajeadajug

00L

(wur) [9A3] 8ag



SIBIX

001z 0807 0907 0v0T  0Z07 0007 0861 0961 061 0T6 006 0SSL 0981
SIS I I _ _ _ I I _ _ _ ] 05t

e

—

e

— 0s1

- 0ST

— os¢
N
— osp
— oss

SUONJBAIISqO) —1 059

I _ | _ | ! I _ _ 1 _ L1 oL
Aequiog 1e (S6] Wod] saguey)) [dAd] 8IS pajeagaiug

(urur) [2A37] vag



0017 080T 090C

saeax

007  0T0T  000T 0861 0961 Ob6I 0Z6I 0061

0881

0981

ﬂw—nvzwtf I

SUOBAIISq()

] ] ] ] ] | ]

1

15314 1€ (S61 Woaj saguey)) [9497] €IS pIjetSanu)

0sT1-
001-
0s-
0
0s
001
0sT
007

05T

0S¢
00y
osy
00s
0SS

0s9

00L

(W) [9AY] BIg



SIB3 X

00IT 0807 0907 OVOT  0Z0T 0007 0861 0961 Ov6I 0Z61 0061 08SI 098I
SSI/YSVN _ _ I _ _ _ _ _ _ _ ) oSt

0s-

i

— 051

— 0S¢

—1 0SY

— 0SS

1OHD -
B SUONEAIIS(Q —1 059

| ] ] ] ] ] l | 1 i ] ]
saarysoudng je (56] wiodj sdduey)) PAYT eag pajerdaug

00L

(urur) (24377 83g



saea y

007 0807 090 OvOT_ 00z 000 0861 0961 Ov6L 0761 00GL  0SSL 0981
SSIVVS VN _ _ _ I _ _ I _ _ _ T 051

-1 081

I
&

(ww) PAYT BIS

— 0ST '
-1 00€ |
— 0S¢

— 0S¥

— 08§

1DOHD ==
suoneAIdsqQ

l _ _ _ | _ _ I I
Y210y J& 0561 woay saguey)) (9497 €IS pajeadayuy

— 059

00L



0017
SSID/VSVYN | I | ] | I | I

A=) §

0807 0907 ObOT 0TOZ 000Z 0861 0961 O¥6I 0Z61 0061

0881 0981

IOHD
SUOHBAIISGQ)

] | I I 1 i |

}

XeJI[eH 1€ (S61 Woy saduey)) [9Ad7] €3S pajesdayuy

0s1-
001-
0s-

0s

001
0st
00T
0s?
00t
0st
0oy
osy
00s
0ss

0s9
00L

(urur) [9A97] Bag



sIed g

00IZ 0807 0907 0vOT  0T0T  000Z 0861 0961 OP6I 0Z6I 0061 O0SSI 098]

PSI/VSVN I | I | | | ] ] | I |

— -
B 7]
= -
— r49) § (3 JEEIIRE .

I9HD -—-—--
— SuoneAIdSqO =

] ] | I | ] ] ] ]

NNJOUOH jE (S6] W01 saguey)) [9Ad] BIg pajeadaju)

0s1-

0s1

059

0oL

(wun) [9A97] B83G



sIeax

00IZ 0807 090 OvOT 0T0Z 000T 0861 0961 OF6l 061 0061

0881 0981

wﬁzﬁq | I ] | | | I | |

=

p—

SUONEAIISq()
I 1 | | ] | 1 | I 1

|

ISOM A JB 0561 Woay saduey)) [949] Bag pjeaSayuy

001
0S1
007
0s?
00t
0st
o0or
0sy
00s
0ss
009
059
00L

(W) (24977 Bag



0017 0807

Y §

0907  0v0T 070 000T 0861 0961 Ob6I 0Z61 0061

0881 0981

ﬂ,m-uu\«\ m<?

e

| | | ! | | { |

IOHD
SuoOneAIISqQ

] ] 1 I l ] I |

maend

0sI1-
001~
0s-

0s

001
0ST
1007
052
00€
0S€
00Y
osy
00S
0SS
009
059

IIPSIBIA 18 (561 WOy saduey)) [9AI] IS pajeadou]

00L

(W) [9A97] 83§



sJeax

00IT 080T 0907 O0VOT  0T0T 000Z 0861 0961 Ov6I 061 0061 08SI 098]

SSID/VSVYN |

-

IOHD -——--—mm
suoneAtdsqQ

] ] ] I 1 ] ] ] 1 I

HI0 X MIN JB (SGT Woyy sa3uBy)) [9Ad7] BIS pajeldauy

0sI-
001-
0s-

0s

001
0s1
007
0s?

0s¢
00y
0sy
00s

0ss

059
00L

(wur) [2AY] eag



00IT 0807

sxea x

0907  O0b0T  070T  000Z 0861 0961 OV6I 0Z61 O06I 08SSI 098I

wmhuzw<~.¢

j—

| i | | | | | | | | I

SUONBAIISqO)
| l ] | l ] | ] | ] |

JadnyaduLl] 8 (561 woay saduey)) [9Ad] BIG pajeadau]

0s1-
001-
0s-

0s

001
0s1
007
0s¢
00¢
0st
ooy
0sy
00s
0ss
009
059
00L

(uﬁu) [9A97] BIS



0017

SIea)

0807 0907 O0bOT 00T 000T 0861 0961 Ob6L 0T61 0061 0881 0981
| | |

PSINVSVN I _ _ J | _ _

SUONBAIISG()
1 I | i I I | I ] I ]

[ 0sI-

— 05T
— 0S¢
- 00%
— 0S¥

—1 0SS

—1 059

0JSPDUBIJUES J& (S6T WOy saduey)) [9A3] €IS pajeadapuy

00L

(wruar) [2A37] ©dg



SIBax

00IZ O80T 0907 0Kz 0T07 0007 0861 0961 061 0T61 0061 _ 08SL 0981
ySIONVSVY _ _ 1 T _ ] _ _ _ _ ] 0st

— 08T

—{ 0S¢t

— 0sY

A ~ oss

i
{ IDHD - —
“_. SUOIBAIISGQ — 0S9

I I I _ l I | l I 1 _ L1 o0s
To3ueAe)s Je )56 woay saguey)) [P B3G pajeagdanug

(wur) 94377 Bag



sJeax

00IT 080T 090Z OVOT 00T 000 0861 0961 Ov6I 0Z61 0061 O0SSI 098I ]
SSID/VSYN T _ T _ _ _ [ T T T 1 0st

1

0s-

0s

0s1

1

— 0ST

—1 0st

—1 0S¥

— 0S§

IDHD -
SUONeAIISqQ —1 059

1 ] ] | ] ] | ] | | | |
WoYNI01S 1B (S6] Wy saduey)) [PAI] BIS pajesaug

0oL

(wur) PAIT Bag



sIed X

001Z 080 0907 OV0Z  0T0T 0007 0861 0961  Ov61 0Z61 0061 08SI 0981
SSIFVSVL I _ _ _ _ _ _ _ _ I ) 05t

SUONEAIISq() — 059
I l | I | L l _ l ! ] L,
AdupA£g 18 (561 woly saduey)) (9497 BIS pajeldayuy

() [9AdT Bdg



0017 0807

sIeay

0907  O¥0T 070  000T 0861 0961 Ov6l 0T6I 006f 0SSI 098I

mm—§m<7

IOHD -——m=mmen
SUONBAIISqQ)

] 1 1 ] l i | 1 l

1 1

BLIOJIIA JE (S61 W) soduey)) [9Ad7] €3S pajeadojug

os1-
001-
0s-

0s

001
0s1
007
0sT

0S¢
ooy
0sy
00s
0ss

059
00L

(wrur) [3A97] Bag



001¢

0807 0907 0v0T 0707 0007 086L _

-. 0961

w,mﬂuz SVN

uoisuedxy feurrayg,

Y319 3de}INg UL
l | 1 ]

——————

0S61 duIs saduey)) [9A9] 8IS [eqO[5)

0s

001

0S1

007

05T

0S¢

00y

5 4

(urwr) 33uey)) [9AY] BIS



(D) daameraduwa

oy St 0t X4 07 Sl

wmu\z SYN

[tut 13d g Jo Ayuies ye (1B A N/€, W) Jeay Jo Loudnyyyy uorsuedxyy

(qp) 2anssaag






SSIO/VSVYN

E

056} Snulw 6602 O} 0502 40} (ww) IHNVHO 13ATT V3S TV1OL







SSIO/NSVYN

i
i
2

-0z}
'-081
1oz
. -00€
-09¢
-02
-08Y
-0¥S

b W

e Bl BT
0661 snullu 660¢ 01 0S0¢ 40}

=m

(ww) NOISNVdX3 J1431S







SSIO/VSVN

0561 Shuiw mmow 9 88 he (ww) wmwzﬁ_o SSVIN H3Lvm






SSID/VSVYN

056} Snulw 6602 01 0502 40} (Zyw,Jeak/By) ANV U0 STONVHI SSYIN HILYM






